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yj  ABSTRACT 

Hvgrothermal  aging  effects  and  the  micromechanisms  of  crack  extension  in  glass 
ibre  and  carbon  fibre  composites  are  described.  A  new  collection  of  failure  data 
based,  on  direct  observation  of  fibres  debonding,  breaking  and  pulling  out  of  a 
-•racked  epoxy  matrix  is  presented.  The  data  are  summarised  in  cumulative  proba¬ 
bility  diagrams  which  provide  a  convenient  means  for  the  comparison  of  fracture 
behaviour  of  composite  systems.  These  diagrams  also  demonstrate  the  effects  of 
changes  in  environment  and  time  in  a  given  experiment  in  a  manner  useful  for  the 
failure  analysis  of  a  fibrous  composite. 
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INTRODUCTION 

Many  brittle  solids,  glass  and  epoxy  resin  are  examples,  may  under  a  certain  stress 
state  and  environmental  condition,  exhibit  stress  corrosion  cracking.  The  micro¬ 
mechanisms  of  crack  extension  in  glass  are  well  documented.  Less  well  understood 
are  the  fracture-mechanisms  of  thermosetting  resins.  In  brittle  fibrous  composites 
glass  fibres  in  epoxy,  for  instance,  fracture  involves  additional  microfracture 
processes,  decohesion  of  the  fibre-matrix  interface,  snapping  of  fibres  at  weak 
points,  and  the  extraction  of  fibre  ends  from  matrix  sockets.  We  know  from  earlier 
work  that  the  fracture  of  glass  and  epoxy  is  time-dependent  and  moisture-sensitive. 
It  is  logical  to  assume,  therefore,  tHlat  Che  micromechanisms  of  crack  extension  in 
brittle  fibrous  composite  systems,  glass  fibres  and  carbon  fibres  in  epoxy,  will 
also  be  sensitive  to  f luctuatf'dns  in  temperature  and  humidity,  and  time  in  a  given 
experiment. 

This  paper  describes  a  study  of  the  failure  o^, glass  fibres  and  carbon  fibres  in 
epoxy,  and  the  effects  of  hygrothermal  aging.  A  knowledge  of  the  fracture-mechan¬ 
isms  m  monotonic  loading  is  important  because  they  are  the  origins  of  a  material 
property  which  we  call  toughness.  The  study  involves  the  observation  of  micro- 
racture  events;  the  measurement  of  toughness  as  a  function  of  humidity  and  aging 


time;  and  Che  identification  of  the  principle  methods  of  toughening.  To  do  this, 
we  use  a  model  fibrous  composite  (Kirk,  Munro  and  Beaumont,  1978)  to  evaluate  the 
work  of  fracture  or  toughness  and  permit  the  direct  observation  of  modes  of  fail¬ 
ure.  An  optical  microscopic  technique  is  used  to  measure  the  distance  over  which 
fibres  separate  or  debond  from  the  matrix,  and  later  pull-out  after  breaking  at 
weak  flaws.  We  construct  diagrams  of  cumulative  probability  which  display  a  vast 
amount  of  failure  data  collected  from  a  large  number  of  measurements  of  debonded 
and  pulled  out  fibres.  The  effects  of  hygrothermal  aging  become  clear  from  com¬ 
parisons  of  these  diagrams.  Finally,  we  use  previously  derived  equations  (Harris, 
Morley  and  Phillips,  1975)  (Kirk,  Munro  and  Beaumont,  1978),  based  on  physically 
sound  models  of  fracture,  together  with  the  failure  data  to  estimate  the  work  to 
fracture  the  composite.  A  comparison  between  the  experimental  work  of  fracture 
measurement  and  predicted  value  of  the  total  energy  dissipated  helps  to  distinguish 
the  micromechanisms  of  fracture  and  the  hygrothermal  effects  of  aging. 


EXPERIMENTAL 

The  model  composite  consists  of  a  rectangular  beam  of  epoxy  resin  and  a  single 
layer  of  5  glass  fibre  rovings  or  5  carbon  fibre  tows  embedded  in  the  resin  (Kirk, 
Munro  and  Beaumont,  1978).  Each  roving  or  tow  contains  1600  glass  filaments  or 
5000  carbon  filaments,  respectively.  The  specimen  has  about  1.5  mm  of  resin  on  one 
side  of  the  fibres  and  0.5  mm  on  the  other  and  resembles  a  single  ply  of  a  laminate. 
A  shallow  groove  runs  along  the  mid-point  of  the  beam  on  the  face  closest  to  the 
fibres  and  perpendicular  to  the  fibre  direction.  We  use  an  epoxy  resin  supplied  by 
Ciba-Geigy  Limited  designated  LY567.  It  is  made  by  mixing  100  parts  of  resin  and 
36  parts  of  hardener  (HY567) .  The  composite  is  cured  at  room  temperature  for  24  h 
and  post-cured  at  100°C  for  16  h.  Some  of  the  samples  are  exposed  to  95Z  relative 
humidity  (RH)  and  100°C  for  various  lengths  of  time  between  1  h  and  4  weeks;  other 
samples  are  aged  at  100°C,  OZ  RH  before  testing. 

Each  specimen  is  loaded  in  3-point  bending  using  a  displacement-rate  of  3  x 10"2  mm/s 
and  the  fibres  at  the  root  of  the  notch  on  the  tensile  side  of  the  beam  fail  in 
tension.  The  fibre-matrix  interface  fails  at  the  root  of  the  notch  and  a  debonded 
zone  spreads  slowly  under  conditions  of  increasing  load  along  the  fibre  (Munro  and 
Beaumont,  1979).  Both  halves  of  the  broken  test-piece  are  viewed  in  an  optical 
microscope  and  the  distances  over  which  the  fibres  have  debonded  and  subsequently 
pulled-out  after  fracture  can  be  measured. 

The  work  of  fracture  or  toughness  is  calculated  by  dividing  the  area  under  the 
load/deflexion  curve  by  twice  the  total  cross-sectional  area  of  fibres.  We  ignore 
the  small  contribution  made  by  the  matrix  to  the  toughness  of  the  composite.  In 
this  way,  a  direct  comparison  between  experimental  work  of  fracture  data  and  pre¬ 
dicted  fracture  energy  based  on  models  of  fibre  debonding  and  fibre  pull-out  is 
possible. 


STATISTICAL  ANALYSIS  OF  FAILURE  DATA 

The  analysis  of  failure  data  is  based  on  the  Weibull  or  extreme  value  distribution 
method  which  enables  information  to  be  presented  in  a  useful  form.  This  alternative 
way  of  using  Weibull  analysis  is  to  relate  the  probability,  P,  of  observing  a  fibre 
debonding  or  pulling  out  over  a  particular  distance,  1; 

P  -  1  -  exp  (-  V  (1) 

is  a  reference  fibre  length;  m  is  the  Weibull  constant;  and  V  is  the  volume  of 
the  specimen,  (for  simplicity,  we  make  V  •  1).  In  loearithmir  form 


in  (-in  (1- P))  -  n(£n  £-£n  £0)  (2) 

which  predicts  a  linear  relationship  between  in  (-in(l-P))  and  in  i.  m  is  the 
gradient  of  the  plot  and  the  intercept  is  i  *  iQ  when  P  »  e-1  *  0.37.  To  construct 
the  cumulative  probability  diagram  we  arrange  serially  j  -  1,2,  ...N  values  of 
fibre  debond  length  and  fibre  pull-out  length  in  increasing  order  of  length.  The 
probability  is  defined  as 

P  -  (j  -  0.5) /N  (3) 

where  N  is  the  number  of  observations.  A  characteristic  value,  i,  of  a  distribu¬ 
tion  of  data  in  the  form  of  eq.  (1)  can  be  expressed  as  (Beaumont  and  Anstice,  1980) 

-  r'" 

£  *  (£  dP/d£)  d£ 

J  1. 


m(£/£0)m  exp  (- (£/£Q)0)  d£ 


WEIGHT  CHANGES 

Exposure  to  extremes  of  humidity  at  100°C  results  in  a  change  of  weight  (AW)  with 
time  (t),  of  epoxy,  glass  f ibrerepoxy  and  carbon  fibre-epoxy  (Fig.  1).  The  initial 
slope  of  a  weight  versus  (time)*  curve  for  matrix  and  composite  aged  at  95Z  RH  is 
linear.  It  suggests  that  the  diffusion  of  water  is  Fickian  controlled,  i.e., 
AW«ti.  Complete  saturation  is  achieved  after  5  days,  approximately,  corresponding 
to  a  water  content  of  about  3  w/o.  In  Fig.  1,  data  are  normalised  to  the  volume 
fraction  of  epoxy.  The  superposition  of  data  indicates  that  the  diffusion  mechan¬ 
ism  is  in  some  way  determined  by  the  matrix. 
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Fig.  1  Change  of  weight  of  resin  and  composite  as  a  function 
of  humidity  and  aging  time. 


In  contrast,  aging  of  epoxy  and  composite  at  100°C,  07.  RH  results  in  a  decrease  in 
weight.  We  believe  a  loss  of  volatiles  from  the  epoxy  takes  place.  An  additional 
weight  loss  of  the  composite  may  be  due  to  drying  out  of  the  glass  fibres  and 
carbon  fibres  originating  as  moisture  absorbed  onto  the  surface  of  the  fibre  before 
impregnation  with  resin. 


WORK  OF  FRACTURE 

The  work  of  fracture  data  for  composites  aged  at  100°C,  0 7.  RH  are  shown  in  Fig.  2. 
For  glass  fibres  in  epoxy,  a  precipitous  fall  in  toughness  by  nearly  one-half  occurs 
after  1  h.  This  drop  in  toughness  is  almost  recovered  after  1  day  but  the  toughness 
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Fig.  2  Work  of  fracture  of  composite  as  a  function  of  aging 
time  (100°C,  07.  RH) 
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Fig.  3  Work  of  fracture  of  composite  as  a  function  of  aging 
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ills  again  during  the  next  150  h  or  so.  Aging  for  1  week  produces  a  minimum  in 
;•  work  of  fracture  curve  of  ca.  80  kJ/m2.  Over  the  next  3  weeks  or  so,  we  see  a 
-jady  rise  in  toughness  towards  the  original  value.  For  carbon  fibres  in  epoxy, 
initial  increase  in  work  of  fracture  after  1  h  is  followed  by  a  gradual  decrease 
a  constant  value  of  ca.  40  kJ/m2  after  100  h,  approximately. 

:;osure  of  glass  fibre-epoxy  to  100°C,  95Z  RH  for  1  h  causes  the  work  of  fracture 
fall  by  nearly  one-fifth  to  ca.  95  kJ/m2  (Fig.  3).  The  initial  work  of  fracture 
recovered  after  3  days  before  falling  over  the  next  2  weeks  to  a  value  of  ca. 
kJ/m2.  The  data  collected  for  carbon  fibres  in  epoxy  shows  a  trend  similar  to 
•  one  observed  during  aging  at  100°C,  0Z  RH. 

CUMULATIVE  PROBABILITY  DIAGRAMS  OF  FAILURE  DATA 

..ire  data  of  fibre  debond  length  and  fibre  pull-out  length  collected  in  the 
; ; cographic  analysis  are  presented  in  the  following  cumulative  probability  dia- 
-is  (Figs.  4-9).  In  Fig.  4  are  shown  data  of  debond  length  of  glass  fibres  in 
:<y  after  aging  at  100°C,  0Z  RH.  Each  distribution  of  data  do  not  superimpose 
_  are  displaced  relative  to  one  another.  Inspection  of  positions  of  sets  of 
kure  data  reflect  the  observed  variations  in  shape  of  the  experimental  work  of 
icture  curve.  For  example,  specimens  tested  after  manufacture  (t  ■  0)  produce 
•  i  lure  data  which  fall  towards  the  right  of  the  probability  diagram,  or  have  high 
lues  of  fibre  debond  length.  Failure  data  collected  after  1  h  are  on  the  left  of 
diagram  and  correspond  to  low  values  of  debond  length.  Each  subtle  movement  of 
set  of  data  to  higher  and  lower  values  of  debond  length  for  aging  times  between 
.  and  28  days  correlate  with  a  rise  and  fall  of  the  curve  drawn  through  the 
isurements  of  work  of  fracture.  The  Weibull  constant  m  describes  the  spread  of 
lilure  data  for  each  aging  cycle  (Table  1).  For  an  aging  time  of  10  days  m  ■  3, 
d  between  2  and  4  weeks  m  ■  2,  approximately.  The  difference  may  not  be  signifi- 
mc,  but  when  considered  together  with  the  shift  of  failure  data  with  time,  a 
change  in  m  may  suggest  a  variation  in  mechanism  of  fracture. 

rhe  distribution  of  failure  data  to  describe  the  extraction  of  broken  glass  fibre 
•■'nds  is  shown  in  Fig.  5.  The  data  fall  in  a  narrow  band  with  superposition  at  low 
probabilities  and  low  values  of  fibre  pull-out  length,  with  slightly  displaced  data 
at  p  *  i.  Xn  general,  a  slight  variation  in  shape  and  position  of  a  probability 
curve  reflects  the  observed  changes  in  work  of  fracture  with  time.  For  t  ■  1  h, 
failure  data  lie  close  to  the  left  of  the -band.  After  1  day,  the  distribution  has 
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Fig.  4  Distribution  of  glass  fibre  debond  lengths  for  various 
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TABLE  1  Values  of  the  Weibull  constant  m  for  the  debonding 
and  pulling  out  of  glass  fibres  and  the  pulling  out 
of  carbon  fibres  in  epoxy 
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glass  glass  carbon 

(100°C  ,  OZ  RH) 


Debonding  Pull-out 

glass  glass  carbon 
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2.2 

2.2 
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2.4 

2.2 
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2.3 

2.5 
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2.3 
2.2 
2.6 
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2.4 

2.6 

2.5 
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the  right  side  of  the  band  which  is  later  displaced  to  lower  values  of 
Length  as  t  approaches  10  days.  For  aging  between  2  and  4  weeks,  the 
cy  curve  moves  again  to  higher  values  of  pulled-out  lengths  of  fibres, 
y  may  exist  for  data  corresponding  to  t  *  0  which  lie  in  the  centre  of  the 
end  of  to  the  right  as  we  observe  for  the  distribution  of  measurements  of 
ona  length.  The  Weibull  constant  m  ranges  between  l.d  and  2.5  (Table  1). 
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Fig.  6  Distribution  of  carbon  fibre  pull-out  lengths  for 
various  aging  times  (100°C,  0%  RH) . 

We  do  not  observe  any  debonding  of  carbon  fibres  although  the  fibres  do  pull-out 
after  snapping  at  flaws.  The  distribution  of  pull-out  lengths  fall  in  a  narrow 
band  with  the  superposition  of  data  at  low  probabilities  and  separation  of  data  at 
P  *  1  (Fig.  6).  The  shortest  pull-out  lengths  are  observed  at  t  *  0  and  t  *  7  days; 
the  longest  fibres  are  found  at  times  of  1  day,  10  days  and  14  days.  Each  movement 
of  the  distribution  of  data  is  consistent  with  observed  variations  in  work  of  frac¬ 
ture  as  a  function  of  time.  The  Weibull  constant  m  lies  between  1.8  and  2.5,  simi¬ 
lar  to  values  corresponding  to  the  pulling  out  of  glass  fibres  (Table  1). 

Cumulative  probability  diagrams  displaying  failure  data  of  glass  fibres  and  carbon 
fibres  in  epoxy  aged  at  100°C,  95%  RH  are  shown  in  Figs.  7-9.  Data  essentially 
superimpose  for  exposure  times  up  to  1  week  and  are  located  between  distribution 
curves  for  t  -  0  and  t  *  2-3  weeks.  The  data  corresponding  to  t  ■  1  h  and  t  »  10 
days  are  between  the  distribution  curves  for  1  week  and  2  weeks.  The  positions  of 
the  probability  curves  illustrate  the  time-dependence  of  the  debonding  process  of 
glass  fibres.  At  t  s  1  h,  the  fibre  debond  length  decreases;  between  1  h  and  3  days, 
the  length  increases;  and  between  3  days  and  2  weeks,  the  length  decreases  once  more. 
The  maxima  and  minima  in  the  work  of  fracture  curve  (Fig.  3)  can  be  identified  with 
these  subtle  movements  of  failure  data.  We  see  that  m  is  between  2.0  and  2.4  and 
m  ■  3.3  for  data  collected  in  the  first  10  days  and  following  2  weeks  of  aging, 
respectively  (Table  1).  The  distribution  of  fibre  pull-out  data  fall  in  narrow 
hands  (Figs.  8,  9).  Close  inspection  shows  slight  displacements  of  the  probability 
c«ves  to  lower  values  of  pull-out  length  with  time  to  a  similar  extent  that  we 
observed  data  collected  in  a  dry  environment.  The  Weibull  constant  m  is  between 
2>0  and  2.6  for  both  composite  systems  (Table  1). 
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Fig.  8  Distribution  of  glass  fibre  pull-out  lengths  for 
various  aging  times  (100°C,  95%  RH) . 
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Fig.  9  Distribution  of  carbon  fibre  pull-out  lengths  for 
various  aging  times  (100°C,  95 7.  RH)  . 

fracture.  Figure  10  is  a  schematic  illustration  of  the  three  mechanisms,  involving 
debonding  and  extraction  of  fibres,  together  with  equations.  Equation  (a)  predicts 
the  energy  dissipated  when  a  fibre  under  conditions  of  increasing  load,  slides  with 
respect  to  the  matrix  over  the  unbonded  portion  of  its  length;  equation  (b)  des¬ 
cribes  the  release  of  stored  elastic  strain  energy  over  the  unbonded  length  of 
fibre  when  the  fibre  snaps;  and  equation  (c)  estimates  the  work  done  in  extracting 
a  broken  fibre  from  its  matrix  socket  against  a  frictional  shear  force.  First,  we 
calculate  a  characteristic  fibre  length  for  debonding  and  pulling  out  using  eq.  (5) 
for  each  aging  cycle.  We  then  use  each  equation  in  turn,  together  with  the  value  of 
.lore  debond  length  and  fibre  pull-out  length  to  compute  the  three  energy  terms  and 
.otal  work  to  fracture  the  composite.  The  strength.  Young's  modulus  and  failure 
•^ram  of  the  fibres  are  given  below.1  We  estimate  the  frictional  interfacial  shear 
stress,  t,  from  a  measurement  of  pull-out  length  by  assuming  that  «  t_1  (Kirk, 
•unro  and  Beaumont,  1978).  The  open  symbols  in  Figs.  2,  3  are  theoretical  values  of 
-or*  °f  fracture  based  on  the  models  and  failure  data.  In  all  cases,  there  is 
•see  lent  agreement  between  the  experimental  work  of  fracture  and  predicted  fracture 
although  in  general,  theory  overestimates  the  measurement  of  toughness. 

c jrK1Ve^?ed  ^or  Slass  fibres  o<  ■  1.65  GN/m2;  Ef  ■  70  GN/m2;  ef  *  0.01;  and  for 
b°n  fxbres  of  -  2.4  GN/m2  an!  Ef  -  240  GN/m2.  f 
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THERMAL  AND  MOISTURE  EFFECTS 


Similarity  between  the  work  of  fracture  data  and  predicted  values  of  fracture 
energy  suggests  that  it  is  the  energy  dissipated  during  extraction  of  broken  carbon 
fibres  behind  the  tip  of  a  crack  that  is  the  origin  of  toughness  of  carbon  fibres 
in  epoxy.  The  dissipation  of  energy  during  slippage  of  unbonded  glass  fibres  close 
to  a  crack  tip,  and  their  subsequent  extraction  behind  an  advancing  crack  front  can 
be  equated  to  the  work  to  fracture  glass  fibres  in  epoxy.  In  both  systems,  the  fall 
in  toughness  with  time  at  100°C,  0%  RH  can  be  attributed  to  an  improvement  in  bond 
strength.  This  can  occur  as  a  result  of  additional  post-curing  of  the  resin  and 
contraction  around  the  fibre.  Such  an  "aging  effect"  manifests  itself  in  a  reduc¬ 
tion  in  debond  length  of  glass  fibres,  and  a  slight  decrease  in  pull-out  length  of 
glass  fibres  and  carbon  fibres.  These  observations  explain  the  larger  reduction  in 
toughness  of  the  glass  fibre  composite. 
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Fig.  10  Three  micromechanisms  of  fracture: 

(a)  post-debond  fibre  sliding 

(b)  fibre  fracture 

(c)  fibre  pull-out. 
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The  origin  of  the  increase  in  toughness  of  glass  fibres  in  epoxy  after  aging  for  2 
weeks  at  100°C,  0%  RH  is  unclear.  We  observe  an  increase  in  length  over  which  the 
fibre  debonds  and  a  change  in  value  of  m,  with  little  change  in  pull-out  length. 

The  inference  is  that  the  interfacial  shear  strength  has  decreased,  perhaps  due  to 
degradation  of  the  interface  by  some  means.  It  may  be  that  the  chemical  bond 
between  glass  fibre  and  matrix  is  weakened  as  a  result  of  polymerisation  of  the 
silane  coupling  agent  on  the  surface  of  the  fibre  (Ishida  and  Koenig,  1979). 

A  fall  in  work  of  fracture  of  both  composite  systems  aged  at  100°C,  95%  RH  for 
t  >  3  days  corresponds  to  a  shift  of  fibre  debond  length  and  fibre  pull-out  length 
data  to  the  left  of  the  probability  diagram,  i.e.,  to  shorter  lengths.  This  may  be 
attributed  to  an  enhancement  of  interfacial  shear  strength  as  a  result  of  moisture 
absorption  and  matrix  swelling  and  an  increase  in  radial  compressive  force  of  the 
matrix  onto  the  fibres.  We  see  from  the  fibre  pull-out  model,  that  an  increase  in 
bond  strength  reduces  the  fibre  pull-out  length  and  pull-out  energy,  as  we  observe. 
The  collection  of  failure  data  and  their  relative  positions  to  one  another  in  the 
probability  diagram  support  this  hypothesis  for  t  >  3  days. 

The  precipitous  fall  in  work  of  fracture  of  the  glass  fibre  composites  at  t  <  1  h 
at  100°C,  0%  RH  corresponds  to  positional  changes  of  the  probability  curves  of 
failure  data  to  lower  values.  The  effect  is  also  observed  after  annealing  in  the 
humid  environment.  Because  of  the  short  time  involved,  we  believe  that  the  effect 
is  a  thermal  one.  It  may  be  that  a  moist  surface  of  the  fibres  before  impregnation 
with  resin  is  drying  out,  an  effect  which  is  more  pronounced  in  air  at  0%  RH. 
Alternatively,  the  short  annealing  treatment  may  cause  relaxation  of  any  residual 
stress  in  the  matrix  which  affects  the  bond  strength.  Whatever  the  reason,  the  two 
composite  systems  behave  differently  at  t  5  1  h  and  the  nature  of  the  phenomenon  is 
unknown  to  us  at  this  time. 
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